A laboratory measure of motor function, synchronization of tapping with an auditory stimulus, was introduced as an index of motor disorganization in schizophrenia. It was hypothesized that (a) schizophrenics' performance on this task would be distinguishable from that of controls and would reflect a relative inability to take advantage of stimulus predictability, independent of task difficulty; (b) clinical measures of disturbed motor behavior would be associated with poorer synchronization; and (c) synchronization performance would be associated with clinical ratings of formal thought disorder and type-token ratio assessment of disorganization in spoken language. Sixteen schizophrenic, eight affective, and eight normal controls were studied. The schizophrenics showed a specific pattern of disrupted synchrony not consistent with explanations based on subject motivation, task difficulty, motor dexterity, a general psychosis factor, drug effects, or tapping speed ability. Deficient motor performance was associated with clinical evidence of abnormal movement and disturbed thinking and with the type-token ratio.
Clinicians and psychopathologists have often commented upon the presence and significance of motor features in schizophrenia. In spite of this there has been surprisingly little laboratory research to establish the nature and frequency of motor integrative deficits in these patients. Kleist (1908) , Kraepelin (1919) , Bleuler (1911 Bleuler ( /1950 , Fish (1962) , and Chapman (1966) provide examples of clinical commentary on motor aspects of schizophrenia. There is a substantial literature devoted to the experimental psychology of motor behavior in the normal population (e.g., Legge, 1970 ). Yet there have been few notable applications of this work to the study of motor behavior in psychopathological subjects (King, 1975) .
Nevertheless, some of the variables found to influence the mediation of motor behavior may also be important as possible loci for disruption in psychopathology. Thus integrity of sensory input monitoring, adequacy of detection of kinesthetic cues, attentional focusing, control of motor output, motivation, and so forth have been implicated at various times in normal motor behavior and in psychopathological impairment (e.g., King, 1975; Stelmach, 1978; Vorberg & Hambuch, 1978) .
The laboratory study of motor integrative defect in psychosis poses two problems: One is to establish that a reliable relationship exists between clinically observed motor phenomena and laboratory measures of the deficit; the second is to establish that the motor anomalies have a reliable relationship with some other important aspect of the psychopathological syndrome.
Prior work employing clinical measures has indicated that a relationship does exist between impairment of integrative motor function and thought disorder in schizophrenic patients (Manschreck, Maher, Rucklos, & Vereen, Note 1) . Other studies 321 have suggested that motor impairment may be predictive of later severity of psychopathology (e.g., Fish, 1975; Hanson, Gottesman, & Heston, 1976; Rieder & Nichols, 1979) . Earlier observations of a similar type are to be found in Slater and Roth (1969) and Tucker, Campion, and Silberfarb (1975) . However, clinical observation and measurement are fraught with problems of bias and observer error. Hence the conduct of laboratory studies is essential to confirm the presence of the supposed relationships and to provide greater precision in quantifying them.
Workers investigating the components of skilled motor performance have made extensive use of the concept of redundancy. From the standpoint of information theory, any event can be regarded as redundant to the extent that it is predictable from observation of a chain of immediately prior events. An object moving through space with fixed course and velocity is moving with high redundancy, whereas an insect flitting unpredictably from one point to another is moving with low redundancy. Simple rhythmic movements, such as are seen in the repeated hammering of a nail, the rotation of a windlass, or the polishing of a surface, are examples of high redundancy activities. Such patterns of motor activity permit adaptive responsiveness to other stimuli in the environment. Where an individual is deficient in the adaptive use of redundancies, we should expect rhythmic performance to be impaired. Indeed, some investigations reported elsewhere (Breil, 1953; Kneutgen, 1976) suggest that this is the case.
There is substantial evidence that schizophrenic patients fail to make use of redundancy (Cromwell, 1968) and that this is associated with the presence of thought disorder in these patients (Maher, Manschreck, & Rucklos, 1980; Manschreck, Maher, Rucklos, & White, 1979) . On this basis it seems reasonable to study rhythmic behavior in schizophrenic patients. We predicted that the schizophrenic would be less able to synchronize a motor movement with rhythmic stimuli than would nonschizophrenic controls. However, defective performance among schizophrenic patients on almost any task is practically axiomatic. Hence we needed to be sure that by varying the difficulty of the rhythm task we could detect a differential deficit in the performance of schizophrenic subjects and not a uniform depression of adequacy of response across all conditions. We also expected that those patients who showed the most marked deficit would show deficits in the nonmotor sphere (i.e., in thought disorder).
If we find that at levels of task difficulty which are neither at the floor nor ceiling of possible accuracy, schizophrenic patients do as well as other psychiatric patients at some but less well at other levels, we would have a prima facie reason to doubt the general deficit explanation of the poor performance. The general deficit hypothesis demands that the schizophrenic patients be below the level of comparison groups at all levels of the task other than at the floor or ceiling. If we adduce general deficit to account for poor performance but assume that it disappears, by definition, whenever there is adequate performance, we would run the usual risks attached to post hoc explanations. However, there remains the possibility that accumulating deficit (fatigue, declining motivation, etc.) operates systematically over time on a sequence of tasks and does so particularly in schizophrenic patients. This is, of course, handled by presenting the various levels of difficulty in a confounded sequence.
There is no prior literature to inform us as to the ranges of task difficulty likely to be operative for schizophrenics in this situation. Hence we decided to select rates of response that ranged from too low to permit accuracy to too high to do so. In this respect the investigation offered the possibility of establishing the task limits that would serve to detect differential deficit in schizophrenic and other psychiatric patients.
For this study, we hypothesized that (a) schizophrenic performance on a rhythm synchronization task would reflect a relative incapacity to automate a motor performance, that is, to rhythmize repetitive motor behavior, and would not be explainable by task difficulty; (b) clinical evidence of motor disturbance would be associated with evidence of poorer relative performance on the laboratory rhythmic tasks; and (c) laboratory motor abnormality would be associated with severity of formal thought disorder.
Method Subjects
The investigators requested the clinical staffs of the Erich Lindemann Mental Health Center and the Massachusetts General Hospital to refer normal hearing psychiatric subjects bearing the diagnosis of schizophrenia or affective disorder. Normal controls were solicited from the community. All subjects were interviewed using the Schedule of Affective Disorders and Schizophrenia (SADS; Spitzer & Endicott, 1977) . To confirm the clinical diagnosis of schizophrenia we required fulfillment of both the Research Diagnostic Criteria (RDC; Spitzer, Endicott, & Robins, 197S) and the more stringent Feighner criteria (Feighner et al., 1972) . Phenomenologic subtype diagnoses were made according to definitions of the RDC. Sixteen schizophrenics were studied, including five paranoid, seven disorganized, and four undifferentiated subtypes. Eight psychiatric (affective psychosis) controls were studied, including five major depressives and three schizoaffectives. Eleven of 16 schizophrenic subjects and 6 of 8 affective controls were taking neuroleptic medication. Dosages were matched according to chlorpromazine equivalents. Eight normal controls were also studied and were required to meet both the Currently Not Mentally 111 and Never Mentally 111 categories of the RDC. The mean age of the 14 male and 2 female schizophrenics was 26.5 years (range 19 to 45); mean age of 3 male and 5 female psychiatric controls was 30.9 (range 21 to 49); mean age of 3 male and 5 female normal controls was 24.4 (range 18 to 36). The mean years of education for the schizophrenics was 12.8 (range 10 to 16); 13.8 for the psychiatric controls (range 11 to 16); and for the normal controls, 14.5 (range 12 to 15). All subjects gave informed consent.
Procedure
In addition to the interview and experimental procedure, all subjects were observed and rated by two independent judges in a variety of situations requiring movement. Estimates of interrater reliability, using the kappa coefficient measure (Cohen, 1968; Spitzer & Fleiss, 1974) were calculated for each procedure. Motor disturbances were evaluated in the following manner: First, spontaneous motor behavior was observed and rated (0 = absent; 1 = present in fairly severe degree or very severe degree but intermittent; 2 = present in very severe degree) according to the format of the Present State Examination (PSE; Wing, Cooper, & Sartorius, 1974) . Observed features included motor blocking, repetitive movements (stereotypies, mannerisms, and perseveration), clumsiness, and forms of catatonic movement.
Second, a series of clinical tests (DeJong, 1967; Freeman, 1969; Freeman & Gathercole, 1966) were administered to assess impairments in the orderly expression of skilled movement. General motility was tested in several simple voluntary motor tasks, such as clapping, shaking hands, closing the eyes, and so forth for evidence of disorganization, delay in response, lengthy completion, and postural persistence, as suggested by Freeman (1969) . The latter were scored as absent (0), definitely present (1), or present to severe degree (2). The same assessments were made for more complex tasks developed by Luria (1966) : namely, Ozeretski's test, fist-ring test, and the fist-edge-palm test. These tests were developed to assess problems in switching from one movement to another (Freeman, 1969) . Finally, on the basis of previous reports (Rieder & Nichols, 1979; Tucker & Silberfarb, 1978) , we examined coordination, station, and gait according to standard techniques (DeJong, 1967) .
Because it is difficult to study a large sample of unmedicated schizophrenics, care was taken to distinguish motor side effects of neuroleptic treatment from those attributable to psychopathology itself. Thus, each subject was carefully examined for evidence of neuroleptic medication side effects. Two rating scales were used to summarize these observations: the Abnormal Involuntary Movement Scale (AIMS; National Institute of Mental Health, 1974) and Targeting of Abnormal Kinetic Effects (TAKE; Wojcik, Gelenberg, LaBrie, & Berg, 1980) . A subsample of schizophrenic subjects was not medicated, which permitted comparisons with the medicated subjects.
Formal thought disorder was evaluated during the interview with the aid of a standardized rating scale (SADS; Spitzer & Endicott, 1977) . Features examined included understandability, derailment, logic, poverty of information conveyed, and neologisms. Each item was rated from 0 (not present) to 5 (extremely severe). To obtain a more reliable assessment than clinical ratings offer for language disorganization, samples of spoken language were collected according to a procedure set out elsewhere (Manschreck et al., 1979) and analyzed to obtain mean segmental type-token ratios (MSTTRs; Miller, 1951) . The type-token ratio (TTR) is obtained by dividing the number of different words (types) in a language sample by the total number of words (tokens) in that sample. The MSTTR is the mean of the TTRs for two consecutive 100-word segments of the 200-word language sample obtained from each subject. This measure provides a quantitative index of language disorganization.
The synchronization task took place in a quiet, windowless laboratory. An Esterline Angus variable speed signal generator was used to produce rhythmic stimuliuniform acoustic clicks. Acoustic stimuli were used instead of visual ones, for example, because of the greater assurance that the acoustic stimulus would be perceived. Unaccented (i.e., uniform) clicks create what is called a tremolo rhythmic pattern (Lundin, 1967) . For each trial, a randomly ordered series of standard volume acoustic clicks of one rate (8, 12, 20, 40, 80, 120, 200, or 400 beats per min.) was presented. A wide range of rates was employed because it was not clear at which one the predictability of clicks would influence performance; although it was thought likely that at extremely slow and fast rates, this factor would exert less influence on accuracy than on the ability to estimate intervals and tapping speed, respectively. To ensure that the effects of change in the rate were not confounded by changes in the pattern of rhythm, only the rate of clicks varied across trials. Durations of trial presentations were 8 beats per min. for 60 sec; 12 beats per min. for 60 sec; 20 beats per min. for 30 sec; 40 beats per min. for 20 sec; 80 and 120 beats per min. for 15 sec each; and 200 and 400 beats per min. for 10 sec each. Subjects were instructed to tap a telegraph key along with the acoustic clicks. Prior to the subjects' responses, the clicks were presented for 5 sec (for rates 400 beats per min. to 40 beats per min.) or for 3 beats (for rates 20 beats per min. to 8 beats per min.). A polygraph recorded stimuli and subject responses at a constant feed rate of 30 cm per min. Synchronization was defined as simultaneous stimulus and subject response. Because of the possibility of random correct responses, rates of 80 to 400 beats per min. required at least three successive synchronization responses in order to be given a score above 0%.
To determine the extent of the relationship between clinical and laboratory findings, the following strategy was applied. Disturbed motor activity scores (sum of ratings of spontaneous and elicited features), formal thought disturbance (sum of ratings of understandability, derailment, logic, poverty of information conveyed, and neologisms), and type-token ratios were compared among all subjects, using the Pearson product-moment correlation statistic, with synchronization accuracy at the rate that most distinguished the subject groups. Because the schizophrenic sample size was small, analysis of performance on the laboratory measure was made without respect to subtype diagnosis. The same strategy was applied to the affective control sample.
Results

Clinical Measures of Motor Function and Thought Disorder
Interrater reliabilities ranged from .8 to .9 for all clinical measures. Fifteen of the 16 schizophrenic subjects manifested one or more of the features of formal thought disturbance (mean summed rating = 9.1; SD = 5.6). Clinical motor disturbances (M = 6.8; SD = 4.8) were evident among all but two schizophrenics (one paranoid, one undifferentiated subtype). None showed catatonic forms of movement. Three of the psychiatric controls showed evidence of formal thought disorder (M = 1.0; SD = 1.7) and three showed evidence of clinical motor disturbance (M = .5; SD = .7). The normal subjects exhibited no evidence of thought or motor abnormality. Evidence of neuroleptic side effects occurred in 2 of the 8 (25%) affective psychotic controls and in 5 of the 11 (45%) schizophrenic subjects on neuroleptics. Within each group, subjects with neuroleptic side effects did not differ from those without side effects on ratings of other disturbed motor behavior. Medicated (11) and nonmedicated (5) schizophrenic subjects did not differ in clinical motor ratings, /(14) = .97, ns. On the other hand, medicated schizophrenic subjects and medicated affective controls were significantly different in clinical motor ratings, ?(14) = 3.05, p < .005.
Synchronization Accuracy
Quantitative synchronization measures (i.e., percent accurate) were analyzed according to subject groups and stimulus rate with one-way analyses of variance. Mean quantitative measures for schizophrenics and controls were plotted and are presented in Figure 1 .
Synchronizing responses at different rates revealed several patterns (see Figure 1) . At 8, 12, and 20 beats per min., accuracy was limited among normals, schizophrenics, and affective controls. Indeed at 8 per min., no subject was able to synchronize with even one click. At 40 beats per min., mean accuracy for all subjects increased substantially. Importantly, performance at this rate does not vary significantly among the groups, F(2, 29) = 1.80, ns.
At 80 beats per min., the synchronizing accuracy of normal subjects increased dramatically. All but one normal subject replicated this rhythm without error; this represented the peak in absolute performance of the normal group. The affective and schizophrenic group performance also improved, but somewhat less impressively than the normals. Nevertheless, both normal and affective group accuracy was significantly better than the schizophrenic group at this rate: normal vs. schizophrenic, t(22) = 2.11, p < .025.
At 120 beats per min. the differences among groups were less, with affective group accuracy reaching its peak and the schizophrenic group's accuracy continuing to improve such that it was not distinguishable from that of the affective group, t(22) = 1.11, ns. The schizophrenics continued, however, to differ from normals at this rate, f(22) = 2.78, p< .01. At the rate of 200 beats per min., the schizophrenic group peaked in accuracy and was indistinguishable from the normal and affective controls, F(2, 29) = 2.32, ns. Because this peak among schizophrenics was different from mean accuracy at 400 and 120 beats per min., and almost twice as good as the accuracy at 80, further analysis was undertaken to determine whether the peak was artifactual. Specifically, we examined synchronizing accuracy at 80, 120, 200, and 400 beats per min. for each subject group with analysis of variance to determine if the performances varied significantly within groups at these rates. Only the schizophrenic group showed significant departure from linearity, F(3, 60) = 4.23, p < .01.
Our first hypothesis-that schizophrenic group performance would be distinctive and not explained by task difficulty-was supported. The schizophrenic group was significantly less able to rhythmize (or synchronize) performance than normal or psychiatric controls at certain rates. At the same time, schizophrenic performance was similar to that of control groups at the slower rates (i.e., at 40 or slower) and at the faster rate of 200. This suggests that difficulty cannot account for these results and that other factors operate to distinguish performance at the intermediate rates.
Comparisons Between Clinical and Laboratory Measures
The relationship between clinical (i.e., summed score of spontaneous and elicited voluntary motor activity disturbances) and laboratory evidence of motor deficiency was assessed using the synchronization response at 80 beats per min. as the laboratory measure. This measure was selected because it was the most sensitive indicator of group differences. Clinical and laboratory measures of motor features were inversely related at a significant level, indicating that anomalous motor behavior is associated with reduced synchronization accuracy (r = -.53, p < .005).
Because the normals, unlike the affective controls, showed no evidence of clinical motor abnormality, this relationship was further evaluated to reduce the impact of the normals' extreme values (i.e., 0). Specifically, we examined one third of the psychiatric subjects (eight cases), independent of diagnosis, with the largest clinical motor abnormality scores (eight schizophrenic sub-jects) and compared their accuracy scores at 80 beats per min. with those of the third with the lowest clinical motor scores (six affective and two schizophrenic subjects). This comparison was significant, t(\4) = 2.34, p < .025, one-tailed.
Hence, our second hypothesis, that clinical measures of motor abnormality would be associated with evidence of lower laboratory performance in motor tasks, was also supported.
The relationship between clinical evidence of formal thought disorder, as defined in this report, and laboratory measures was also analyzed. Synchronization at 80 beats per min., the rate showing the greatest spread among groups, was correlated highly with formal thought disorder (r = -.5Q,p < .005). Because of the impact of the normals' lack of formal thought disorder, a second comparison between the third of the psychiatric subjects with the highest thought disorder scores independent of diagnosis (eight schizophrenic subjects) and the third with the lowest scores (seven affective subjects and one schizophrenic) was made, using accuracy at 80 beats per min. as the dependent variable. The difference again was significant, f(14) = 2.12, p < .03.
The relationship between formal thought disorder and synchronization at the other rates was also calculated. This showed that the relationship was significant at 20 (r = -.41, p < .01) and at 120 (/• = -.32, p < .025) in addition to 80. The relationship was considerably less at other rates (i.e., for 40, /• = -.21; for 200, r = -.17; and for 400, r = -.02-all ns) but was in the same direction, namely that formal thought disorder was related to poorer synchronization.
Hence our third hypothesis, that performance on the laboratory task is associated with degree of formal thought disorder, was also supported. The relationship is negative and significant.
The MSTTR was compared to synchronization accuracy at 80 beats per min. across all subjects, because all subjects had a specific index on this measure. These features were correlated at a significant level (r = .35, .025 < p < .05), indicating that reduced accuracy on the motor task is associated with evidence of language impairment and providing further confirmation of the third hypothesis.
Discussion
There are surprisingly few data available on motor performance of schizophrenic subjects in laboratory tasks. Sommer (1902) , in Kraepelin's laboratory, attempted to measure abnormal movements as reflected in writing. Breil (1953) and others extended this work. Reaction time, dexterity, tapping speed, and related task performances have been found to correlate with severity of disorder and improve with clinical recovery (King, 1969) . A marked psychomotor deficit is a well-established finding among psychotic groups, including schizophrenics. The deficits are typically losses in speed of psychomotor response combined with greater subject variability among psychotic groups (King, 1961 (King, , 1965 . In nonschizophrenic psychosis, the deficits found are not as severe as those that typify the schizophrenic (Hall & Stride, 1954; Shakow & Huston, 1936; Wulfeck, 1941) . Nevertheless, there is little in this literature that bears on the specific, qualitative difference between psychotic disorders such as schizophrenia and affective disorders or that illuminates relationships between psychomotor performance and particular features of schizophrenia.
The first major finding of the present study is that measures of synchronization with auditory stimuli appear to distinguish the performance of schizophrenics from controls. This observation would not be particularly informative were it not for the fact that at some rates, the performance of all groups is indistinguishable. Because schizophrenic performance overlaps that of controls at some rates and diverges markedly at others, neither low motivation, the effect of a general psychosis factor, difficulty of the procedure, motor dexterity, drug effects, nor tapping speed ability satisfactorily accounts for the observed differences. To invoke motivation as an explanation, for example, one would have to propose that motivation influences performance differently at different rates. In short, the plausibility of these explanations depends fundamentally on their ability to operate consistently across the ex-perimental procedure. Failing that, other sources to account for the differences must be considered.
These results are, however, consistent with predictions based on the hypothesis that schizophrenics are less able than controls to take advantage of the redundancy (in the information processing sense of the term) of the auditory stimuli in order to synchronize tapping efficiently and accurately, a process similar to that required to automate any skilled motor activity (Posner & Keele, 1969; Schmidt, 1968) . The ability to be aware of and make use of the redundancy or predictability of the clicks has the effect of decreasing the need to attend to estimating click occurrence and selecting and coordinating the tapping response. Prior work summarized by Maher (1972) has suggested that a disturbance in attentional focusing operates to impair the production of comprehensible speech in schizophrenics. In the synchronization procedure, a similar difficulty may disrupt performance. Specifically, we might expect that schizophrenics fail to adapt their attentional processes to the redundancies intrinsic to the task and hence exhibit relatively inefficient tapping and inaccurate synchronization. Indeed, schizophrenic performance, like that of controls, is aided by the redundancy of the stimuli, but to a significantly lesser degree.
It seems clear that the positive effect of the predictability (redundancy) of simple rhythmic stimuli is limited to certain ranges of rate. At rates as slow as 8-20 beats per min,, only minimal accuracy was found in any group of subjects. However, as the rates increased beyond this range, normal subjects began to profit from the increase. Schizophrenics did not profit to the same degree, however, and at 80 beats per min., their performance fell well below that of other groups. As the curves in Figure 1 show, schizophrenic subjects' performance did increase with increasing rate, but their gain in performance was much lower than that of other groups. In this respect their comparative performance curve was quite similar to that found in studies of schizophrenics' capacity to profit from increasing redundancy of remembered language samples (Lewinsohn & Elwood, 1961; Maher et al., 1980) . At the upper level of rate in this study, 400 beats per min., the limits of dexterity appear to be reached, with a consequent decline in performance in all groups.
In summary, our findings indicate that synchronization responses distinguish schizophrenics from controls and correlate with measures of disturbed thinking and motor behavior. These results lend support to the association of motor and thinking disturbance in schizophrenia. But they also suggest that this association is not unique to schizophrenic disorder. In the search for understanding of the pathogenesis of formal thought disorder, the attentional deficit approach suggests that we should find disturbed motor behavior among thought-disordered individuals. Although the greatest disturbances in both are found among schizophrenic subjects, affective psychotic controls show some evidence of them as well. Because this new laboratory measure is more objective than clinical motor assessment, it may make possible experimental analysis of these potentially important relationships.
